Cholesterol is a major component of cell membranes and influences membrane fluidity. Watanabe heritable hyperpercholesterolaemic rabbits (WHHL) possess defective receptors for low density lipoprotein leading to increased plasma cholesterol, accumulation of cholesterol in the arterial wall and atherosclerosis. In this study calcium channel currents (I Ba ) were compared using conventional whole cell voltage clamp techniques in ear artery cells isolated from control New Zealand White rabbits (NZ) with those from WHHL. I Ba were larger in cells isolated from NZ than from WHHL, however cell
Introduction
Cholesterol is a major component of cell membranes and influences membrane structure and fluidity. 1, 2 Changes in membrane fluidity affect the activity of a number of enzymes and ion channels, 2 and in addition cholesterol may modulate membrane bound proteins through direct interactions with hydrophobic regions of membrane proteins. 3 Incubation with cholesterol has been reported to promote Ca 2+ influx into isolated arteries 4 and cultured vascular smooth muscle cells. [5] [6] [7] [8] Voltageoperated calcium channels are a major route of Ca 2+ entry into smooth muscle 9 and several studies have implicated this channel in mediating the cholesterol-induced rise in intracellular Ca 2+ . 4, 6, 10 Elevated plasma cholesterol may be therefore an important modulator of Ca 2+ entry into vascular smooth muscle and hence influence vascular tone. This action could contribute to the adverse cardiovascular effects of hypercholesterolaemia. We have examined this question further by comparing I Ba in single arterial smooth muscle cells isolated from control New Zealand White rabbits (NZ) with those from Watanabe heritable hyperpercholesterolaemic strain (WHHL). 11 WHHL rabbits possess defective receptors for low density lipoprotein (LDL). This results in a marked elevation of plasma cholesterol, [12] [13] [14] accumulation of cholesterol in the arterial wall 12 and marked atherosclerosis, 14 atic cholesterol toxicity or other organ damage which develops in cholesterol-fed rabbits. 15 WHHL has therefore been proposed to be a model of human hereditary hypercholesterolaemia and understanding pathology in this strain may shed light on human disease processes.
Materials and methods
Single arterial smooth muscle cells were freshly dispersed from WHHL and NZ ear arteries by an enzymatic digestion technique. 16 Arteries isolated from WHHL showed no visible evidence of atheromatous changes. Vessels from both strains were cut into short strips (2-3 mm) and incubated in a lowcalcium physiological salt solution containing (mM): NaCl 130, KCl 6, CaCl 2 0.01, MgCl 2 1.2, glucose 14 and HEPES 10.7 buffered to pH 7.4 with NaOH and 2 mg/ml bovine serum albumin, 1 mg/ml collagenase, 0.5 mg/ml papain and 5 mM dithiothreitol for 50-60 mins at 37°C. Cells were dispersed by mild agitation in low-calcium physiological salt solution. After centrifugation the cells were resuspended in similar physiological salt solution, but containing 1.7 mM CaCl 2 . The cells were stored on cover slips at 4°C and used within 6 to 8 hours. Experiments were performed using the whole-cell configuration of the patch-clamp technique with a List EPC-7 patch-clamp amplifier. Patch pipettes were pulled from borosilicate glass and had resistances of 3 to 5M⍀. The junction potential (Ͻ5 mV) between the electrode and the bath solution was subtracted using the Vp offset on the amplifier and electrode capacitance was compensated elec-tronically. No compensation was made for series resistance which was less than 5M⍀. The pipette solution contained (mM): NaCl 126, MgCl 2 1.2, ethylene glycol-bis (␤-amino-ethyl ether) N,N,NЈ,NЈ-tetraacetic acid (EGTA) 2, adenosine 5Ј-triphosphate (Mg salt) 2, tetraethylammonium chloride 10, and HEPES 11 buffered to pH 7.2 with NaOH. The experiments were carried out in 'high-barium solution' containing (mM): BaCl 2 110 and HEPES 10 buffered to pH 7.2 with TEA-OH to increase the size of the inward current elicited by depolarization and to minimise calcium-dependent inactivation of currents. 16 Voltage-clamp command pulses were provided by a PC via a Labmaster A/D interface board using commercially available software (PClamp 5.5, Axon Instruments, CA, USA). Data were recorded on-line after analogue-to-digital conversion at between 2.5-10 kHz depending on the voltage protocol used. The currents were digitally filtered at 2 kHz and leak currents were subtracted digitally using average values of steady leakage currents elicited by a 10 mV hyperpolarizing pulse. Cell capacitance was estimated as described for fast whole cell recording by Lindau and Neher, 17 assuming a specific membrane capacitance of 1 F/cm 2 . All recordings were made at room temperature.
Drugs and reagents
(+)202791 (isopropyl-4-(2,11,3-benzoxadiazol-4-yl)-1,4-dihydro-2,6-dimethyl-5-nitro-3-pyridine-carboxylate was a gift from Sandoz AG (Basel, Switzerland). All other chemicals were obtained from Sigma (Dorset, UK).
Statistics and data analysis
Current-voltage (I-V) relationships were obtained by repeated, progressive depolarization to various test potentials for 200 ms from a holding potential of −60 mV. The effect of a drug on I-V relationship was examined after any response to the drug had stabilised. The peak inward current at each test potential was measured. Voltage-dependence of activation was derived from the I-V relationships. I-V data was fitted to a modified Boltzmann function:
where Vrev is the reversal potential, Vh is the potential required for half activation g is normalized conductance and k is the slope factor. Steady-state inactivation data were fitted to a Boltzmann function:
where I is the normalized peak current at any potential, I max is the maximum peak current evoked by such a step, V h is the holding potential at which inactivating current is half inactivated, k is a slope factor and I non is the fraction of essentially noninactivating current which is present in these cells. 18 Kinetics of the fast inactivation process of I Ba were analysed by fitting data to a mono-exponential function:
Where I t = current at time t, I fast = amplitude of fastinactivating current, I non = amplitude of non-inactivating current and = time constant of the fast inactivating current. Fits were performed by non-linear regression using Prism 2.01 (GraphPad Software, USA) or custom macros written for Excel (Microsoft, USA). Data are means ± s.e.m. of n observations. Comparison of results was made using a Student's t-test for unpaired data. P Ͻ 0.05 was considered significant.
Results

Comparison of I Ba in NZ and WHHL
I Ba evoked by depolarization from a holding potential of −60 mV were larger in cells isolated from NZ than from WHHL across a range of activating potentials (Figure 1a ). However cells derived from WHHL had smaller capacitance compared with those derived from NZ (WHHL = 28±2pF, NZ = 40±3pF; n = 6 for both; P = 0.02). Thus in terms of current density there was no significant difference between the I-V relationship obtained in cells isolated from the two strains of rabbit (Figure 1b) and voltagedependence of activation did not differ significantly between the two cell types. Current density in NZand WHHL-derived cells also did not differ significantly in the presence of a near maximal concentration (100 nM) of the dihydropyridine calcium channel agonist, (+)202 791 (Figure 1c) .
Steady-state inactivation (h inf ) of voltage-operated calcium channels was examined by using a 6 sec pre-conditioning protocol which has been previously shown to induce steady-state inactivation of voltage-operated calcium channels in NZ cells. 18 Normalized h inf relationships were similar in cells from both strains (Figure 1d) .
Kinetics of inactivation
The kinetics of the rapid inactivation of I Ba was measured from currents evoked by a 250 ms depolarization to +20 mV from a holding potential of −60 mV. The time constant of fast inactivation ( fast ) was calculated from a mono-exponential fit of data as described in Methods assuming an effectively noninactivating component of the current, as previously described in NZ cells.
18 fast was 77 ± 19 ms (n = 5) in NZ-derived cells and 76 ± 17 ms (n = 5) in WHHLderived (NS).
Discussion
Elevated plasma LDL-cholesterol is a recognised risk factor for cardiovascular disease 19 and atherosclerosis is reported to increase coronary vasoconstric- tion in man. 20 Several previous studies in animals have reported that experimental hypercholesterolaemia and atherosclerosis increase vascular reactivity. Hypercholesterolaemia has been reported to increase coronary vasoconstrictor responses to noradrenaline in vivo in dogs 21 and to increase constrictor responses to ergonovine, serotonin and noradrenaline in the perfused hindlimb of hypercholesterolaemic and atherosclerotic monkeys. 22 Similarly an enhanced vasoconstrictor response to ergonovine has been reported in the perfused superior mesenteric vascular bed of the WHHL rabbit. 23 Hypercholesterolaemia has also been shown to increase the reactivity of isolated arterial smooth muscle in vitro. In both cholesterol fed animals and WHHL rabbits responses to serotonin and serotonin receptor agonists have been consistently reported to be increased [24] [25] [26] [27] [28] and may be attributable to an increase in 5HT 2 receptor number. 29 In contrast responses to phenylephrine 24, 26, 28 have generally been reported to be unaffected or reduced. In the case of a depolarizing potassium solution (KCl), which would be expected to act largely or wholly via activation of voltage-operated calcium channels, the literature is contradictory. Some studies of cholesterol-fed rabbits have reported increased responses of isolated vessels to KCl 30,31 while others have not. [24] [25] [26] [27] A study of WHHL rabbits did not find an increase in response to KCl. 28 These findings contrast with the consistent increase in reactivity and Ca 2+ influx seen in in vitro studies where isolated arteries or cells are exposed to cholesterol either in the form of liposomes 4, 6, 7 or as LDL-cholesterol. 6 The effect of depletion of cell cholesterol by inhibitors of hydroxymethyl glutaryl CoA reductase on voltage-activated calcium channel currents appears not to have been examined in vascular smooth muscle cells, but in chick cardiac myocytes neither lipoprotein-depleted serum (which increased cell cholesterol) nor mevinolin, a hydroxymethyl glutaryl CoA reductase inhibitor, affected calcium channel current density. 32 Our findings suggest that calcium channel current densities in WHHL cells are not significantly altered, despite the prolonged hypercholesterolaemia seen in this model. In fact, in absolute terms calcium channel currents were smaller in WHHL cells although this effect was offset by a reduction in cell capacitance. Since cell capacitance in NZ-derived cells was similar to that reported by others using this tissue 33 this presumably indicates a reduced cell surface area in WHHL cells. The reason for this finding is not known. The size of vascular smooth muscle cells isolated from WHHL rabbits appears not to have been measured in previous studies, however cultured cells isolated from the aorta of Yoshida (YOS) spontaneously hypercholesterolaemic rats have been reported to be smaller than those from normocholesterolaemic controls. 34 Whether this phenomenon is related to defective LDL receptor expression and the impaired growth characteristics of vascular smooth muscle cells isolated from WHHL animals reported in some studies 35, 36 remains speculative.
Our findings are not consistent with a direct effect of hypercholesterolaemia on voltage-operated calcium channels in vivo. It should be noted that membrane fluidity or cholesterol: phospholipid ratios in the cell membrane were not measured in this study, but the levels of LDL-cholesterol in WHHL would be anticipated to affect both these parameters on the basis of previous studies in cholesterol-fed rabbits [37] [38] [39] [40] and cultured smooth muscle cells from WHHL have been reported to show increased cholesterol content. 41 It is interesting that calcium channel antagonists have been reported to be ineffective in reducing atherosclerosis in WHHL rabbits, 39, [42] [43] [44] in contrast to their beneficial effects in cholesterol-fed animals. 39, 44, 45 This may imply that voltage-operated calcium channels may play variable roles in the generation of atherosclerosis depending on the model of hypercholesterolaemia. Further studies will necessary to explore this issue and better define the role of membrane fluidity as a (patho) physiological influence on voltage-operated calcium channels in vascular smooth muscle.
